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One of the key characteristics of stem cells is their capacity to
divide for long periods of time in an environment where most of
the cells are quiescent. Therefore, a critical question in stem cell
biology is how stem cells escape cell division stop signals. Here, we
report the necessity of the microRNA (miRNA) pathway1–4 for
proper control of germline stem cell (GSC) division in Drosophila
melanogaster. Analysis of GSCs mutant for dicer-1 (dcr-1), the
double-stranded RNaseIII essential for miRNA biogenesis,
revealed a marked reduction in the rate of germline cyst pro-
duction. These dcr-1mutant GSCs exhibit normal identity but are
defective in cell cycle control. On the basis of cell cycle markers
and genetic interactions, we conclude that dcr-1mutant GSCs are
delayed in the G1 to S transition, which is dependent on the cyclin-
dependent kinase inhibitor Dacapo, suggesting that miRNAs are
required for stem cells to bypass the normal G1/S checkpoint.
Hence, the miRNA pathway might be part of a mechanism that
makes stem cells insensitive to environmental signals that nor-
mally stop the cell cycle at the G1/S transition.
MicroRNAs and short interfering RNAs (siRNAs), processed by

the type III double-stranded RNase Dicer, function in an RNA-based
mechanism of gene silencing1–4. Most characterized miRNAs from
animals repress gene expression by blocking the translation of
complementary messenger RNAs into protein; they interact with

their targets by imperfect base-pairing to mRNA sequences within
the 3

0

untranslated region (3
0

UTR)1. Experimental evidence has
suggested that small RNAs regulate stem cell character in plants and
animals5–7. Moreover, some miRNAs are differentially expressed in
stem cells, suggesting a specialized role in stem cell regulation8,9.
However, the molecular mechanisms underlying stem cell control by
miRNAs are not understood.
To determine the role of miRNAs in the control of stem cell

biology, we specifically eliminated processing of all miRNAs in stem
cells. The Drosophila genome contains two Dicer isozymes: Dicer-1
and Dicer-2 (ref. 10). Dicer-1 (Dcr-1) is essential for processing
miRNAs, whereas Dicer-2 (Dcr-2) is required for siRNAs; loss of
Dcr-1 completely disrupts the miRNA pathway and only has a weak
effect on the siRNA pathway. Using Drosophila GSCs as a model
system, we impaired Dcr-1 activity with two dcr-1 alleles: dcr-1d102

and a null dcr-1Q1147X (ref. 10). Drosophila oogenesis depends on the
presence of self-renewing GSCs in the adult ovary11,12, as has recently
been reported in a mammalian system13. The continuous division of
GSCs generates an array of progressively developed egg chambers in
wild-type ovarioles (Fig. 1).
Analysis of dcr-1 mutant clones in the Drosophila ovary 12 days

after clone induction revealed a marked depletion of developing egg
chambers (see Fig. 1b–f for dcr-1Q1147X and Supplementary Fig. 1a
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Figure 1 | Loss of Dcr-1 function in

GSCs reduces the rate of egg

chamber production.

a, Schematic of a germarium
divided into three regions. Region
one contains GSCs and dividing
cysts. b, c, All three regions are
observed in a wild-type hetero-
zygous dcr-1Q1147X/þ germarium
(WT, top), but not in a mosaic
dcr-1Q1147X germarium 12 days
after clone induction (no GFP,
dcr-1, bottom). d, Oocyte develop-
ment is divided into 14 stages.
e, f, Many of the developmental
stages are missing in ovarioles that
are complete dcr-1Q1147X germline
clones (no GFP, 12 days after clone
induction; bottom of panels e and
f). CpC, cap cells; CB, cystoblast;
DAPI, 4,6-diamidino-2-
phenylindole; FC, follicle cells; NC;
nurse cells; TF, terminal filaments.
Vasa marks the germ line. Absence
of GFP marks dcr-1 mutant cells.
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for dcr-1d102). In contrast, dcr-2 null mutant GSCs produced a
normal progression of egg chambers. These data suggest that Dcr-1
is required for efficient germline production. Although dcr-1
mutants showed reduced numbers of gametes, most developing
gametes appeared morphologically normal (although they exhibit
polarity defects; data not shown). We therefore analysed potential
problems in GSC maintenance, identity and division. Clonal experi-
ments revealed that the percentage of germaria with clonal stem cells
at different time points after clone induction was similar in the
dcr-1Q1147X mutant and the wild-type control (Fig. 2b), suggesting
that the loss of cysts in dcr-1 mutants is not primarily due to
problems in the maintenance of GSCs.
To determine whether reduced cyst production in dcr-1 germaria

was due to altered GSC fate, we analysed the identity of the dcr-1
mutant GSCs. Female GSCs are identified by their location and the
expression patterns of three markers (Fig. 2a): the presence of
Adducin, a protein present in the spectrosome14; the presence of
phosphorylated Mad protein (P-Mad), indicating TGF-b signal-
ling14,15; and the absence of Bam, repressed by the TGF-b pathway16.
The dcr-1Q1147XGSCs showed normal spectrosome morphology and
position (100%,n ¼ 53), and normal TGF-b pathway activity (P-Mad:

wild type 88%, n ¼ 114; dcr-1Q1147X 85%, n ¼ 47; Fig. 2c, d).
Furthermore, as with wild-type GSCs, dcr-1Q1147X GSCs did not
stain positively for the Bam protein (Fig. 2e). From these analyses, we
conclude that decreased cyst production from dcr-1Q1147XGSCs does
not result from either a loss of GSCs or a change in their identity.
The frequency of cell division in dcr-1Q1147X GSCs was impaired.

Examination of individual germaria containing a single heterozygous
GSC and a single dcr-1Q1147Xmutant GSC revealed that GSCs lacking
Dcr-1 activity produced cysts at a frequency that was reduced to
18% of normal levels (41% for dcr-1d102; Table 1 and Fig. 3a–c). In
contrast, the frequency of division was not significantly reduced for
GSCs that were homozygous for the dcr-2 mutation or for the
isogenized parental chromosome fromwhich the dcr-1mutant alleles
were generated (Table 1 and Fig. 3c). Thus, Dcr-1 is required cell
autonomously in GSCs for the cell divisions that produce developing
cystoblasts (no obvious defect in cyst division was observed; see
Supplementary Fig. 2c, d).
To determine whether the reduced cyst formation reflected a block

in the normal cell cycle programme, we analysed the distribution of
cell cycle stages in mutant dcr-1Q1147X GSCs by staining mosaic
germariawith antibodies against different cell cyclemarkers (Fig. 3d).

Figure 2 | dcr-1mutant GSCs remain in the stem

cell niche and retain stem cell identity. a, GSC
markers: P-Mad, spectrosome (Adducin, Add),
lack of BamC. b, dcr-1Q1147X mutant and wild-
type GSCs are maintained in germaria. A low
rate of GSC loss was observed for both
backgrounds30. Bars represent the percentage of
germaria with clonal stem cells at different time
points after clone induction. c–e, dcr-1Q1147X

GSCs (no GFP, white arrows) possess a
spectrosome (100%, n ¼ 53; c) and respond to
the TGF-b signal (anti-P-Mad staining: dcr-1
mutant, 85%, n ¼ 47; control, 88%, n ¼ 114; d)
but do not exhibit BamC expression (n ¼ 13; e).
Yellow arrows in d, emark non-clonal, wild-type
GSCs.
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We observed an increase in the number of dcr-1 mutant GSCs
staining positive for Cyclin E (CycE) using two independent dcr-1
alleles (Fig. 3e, f; see also Supplementary Table 1 and Supplementary
Fig. 1b). In contrast, GSCs that were homozygous for dcr-2 or the

parental chromosome expressed CycE with frequencies similar to
that of wild-type GSCs (Supplementary Fig. 1b). Furthermore,
pulse labelling of ovaries with the nucleotide analogue 5-bromo-
deoxyuridine (BrdU)17,18 revealed that the number of dcr-1Q1147X

Figure 3 | dcr-1 causes a cell cycle delay in

GSCs. a, dcr-1Q1147X GSCs (white arrow)
produce fewer cysts (white number) than wild-
type GSCs (yellow numbers). b, dcr-1Q1147X cysts
are produced at a lower frequency than wild-type
and non-clonal cysts. Samples A–D are grouped
according to the number of non-clonal cysts per
germarium (n ¼ 27). c, Division indices are
decreased for dcr-1 mutant GSCs compared with
control and dcr-2mutant GSC clones. Error bars
represent standard deviation. Times are days
after the last clonal induction. d, Cell cycle
markers. e, dcr-1Q1147X (dcr-1) GSCs are more
frequently CycE-positive and less frequently
positive for other cell cycle markers compared
with wild-type dcr-1Q1147X/þ GSCs. f, CycE-
positive dcr-1 mutant GSC (white arrow).
g, Percentage of CycE-positivemale GSCs that are
dcr-1Q1147X or wild type. h, Male GSC niche.
i, CycE in male dcr-1mutant GSCs (white arrow).
Arm (Armadillo) marks somatic hub cells. Yellow
arrows in f, i mark non-clonal, wild-type GSCs.

Table 1 | Effect of the miRNA pathway on GSC division frequency

Brief genotype Genotype of GSC and cysts Frequency of GSC division

(^s.d.)*

Sample size

(n)

Division index

(^s.d.)†

Wild type Non-clonal (GFPþ): hsFlp; FRT82B hsNmyc/FRT82B Ubi-GFP 4.53 ^ 0.93 17 –

Wild type Clonal (GFP2): hsFlp; FRT82B hsNmyc/FRT82B hsNmyc 4.64 ^ 0.87 17 1.03 ^ 0.20
dcr-1Q1147X Non-clonal (GFPþ): hsFlp; FRT82B dcr-1Q1147X/FRT82B Ubi-GFP 4.37 ^ 0.74 27 –
dcr-1Q1147X Clonal (GFP2): hsFlp; FRT82B dcr-1Q1147X/FRT82B dcr-1Q1147X (8 days) 1.41 ^ 0.69 27 0.32 ^ 0.16

dcr-1Q1147X Clonal (GFP2): hsFlp; FRT82B dcr-1Q1147X/FRT82B dcr-1Q1147X (12 days) 0.77 ^ 0.59 20 0.18 ^ 0.13
dcr-1d102 Non-clonal (GFPþ): hsFlp; FRT82B dcr-1d102/FRT82B Ubi-GFP 4.64 ^ 0.83 24 –

dcr-1d102 Clonal (GFP2): hsFlp; FRT82B dcr-1d102/FRT82B dcr-1d102 (8 days) 2.5 ^ 0.65 24 0.53 ^ 0.26
dcr-1d102 Clonal (GFP2): hsFlp; FRT82B dcr-1d102/FRT82B dcr-1d102 (12 days) 1.72 ^ 0.56 39 0.41 ^ 0.13
dcr-2 Non-clonal (GFPþ): hsFlp; FRT42D dcr-2/FRT42D Ubi-GFP 4.48 ^ 1.31 24 –

dcr-2 Clonal (GFP2): hsFlp; FRT42D dcr-2/FRT42D dcr-2 (8 days) 4.01 ^ 0.88 24 0.89 ^ 0.19
dcr-2 Clonal (GFP2): hsFlp; FRT42D dcr-2/FRT42D dcr-2 (12 days) 4.20 ^ 1.36 24 0.85 ^ 0.28
Parental chromosome Non-clonal (GFPþ): hsFlp; FRT82B (parental)/FRT82B Ubi-GFP 4.58 ^ 0.97 23 –

Parental chromosome Clonal (GFP2): hsFlp; FRT82B (parental)/FRT82B (parental) (8 days) 4.80 ^ 1.04 23 1.04 ^ 0.17
Parental chromosome Clonal (GFP2): hsFlp; FRT82B (parental)/FRT82B (parental) (12 days) 5.77 ^ 0.69 22 1.16 ^ 0.14

dap Non-clonal (GFPþ): hsFlp; FRT42B dap4/FRT42B Ubi-GFP 4.44 ^ 0.66 20 –
dap Clonal (GFP2): hsFlp; FRT42B dap4/FRT42B dap4 4.12 ^ 0.79 20 0.93 ^ 0.18
dap/þ; dcr-1 Non-clonal (GFPþ): hsFlp; FRT42B dap4/þ; FRT82B dcr-1Q1147X/FRT82B Ubi-GFP 4.25 ^ 0.55 29 –

dap/þ; dcr-1 Clonal (GFP2): hsFlp; FRT42B dap4/þ; FRT82B dcr-1Q1147X/FRT82B dcr-1Q1147X 2.72 ^ 0.75 19 0.64 ^ 0.18

8 or 12 days indicate the number of days after clone induction (this is 8 days if not indicated).

*The number of cystoblasts and cysts divided by the number of GSCs.

†The frequency of clonal GFP2 GSC division divided by the frequency of control non-clonal GFPþ GSC division.
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mutant GSCs in S phase was reduced (Fig. 3e; see also Supplementary
Table 1). Similarly, the number of dcr-1Q1147X mutant GSCs staining
positive for Cyclin A (CycA), Cyclin B (CycB) and themitotic marker
Phosphohistone-3 (PH3) was reduced (Fig. 3e; see also Supplemen-
tary Table 1). These data indicate that perturbation of the miRNA
pathway by mutant dcr-1 in GSCs delays the cell cycle at the G1/S
transition.
We tested whether loss of Dcr-1 function has similar consequences

on the cell cycle in the GSCs of male flies. Each male testis contains
approximately ten GSCs surrounding a somatic structure called the
hub (Fig. 3h–i)19,20. Similar to female GSCs, the number of male
GSCs staining positive for CycE was increased in dcr-1 mutants
(Fig. 3g–i). These data show that Dcr-1 also functions in the male
GSC niche, and suggest that Dcr-1 has a conserved role in GSC
division.
To test the possibility that the miRNA pathway might be a general

cell cycle regulator, we examined other cell types to determine
whether the G1/S delay and reduced cell division frequency are
also observed in other mitotically dividing dcr-1 mutant cells.
dcr-1Q1147X clones in imaginal discs revealed that the number of
CycE-positive cells was not increased inmutant cells (Supplementary
Fig. 2a). The number of dcr-1Q1147X mutant cells in imaginal discs
was approximately equal to the number of marked wild-type cells
that descended from a common parent cell, indicating that the
frequency of cell division in imaginal disc cells is not reduced in a
dcr-1mutant (Supplementary Fig. 2a, b). dcr-1Q1147X dividing germ-
line cysts express CycE at a frequency comparable to that of wild-type
dividing cysts, suggesting that the mitotic cystoblast cell divisions are
not affected in dcr-1mutants (Supplementary Fig. 2c, d). Therefore,

the reduction in cell division frequency observed in the dcr-1mutant
germ line is specific to the GSC division. Together, these data suggest
that the miRNA pathway has a specific role in regulating stem cell
division.
We explored the potential cause for the G1/S arrest by examining

the expression of Dacapo (Dap; a homologue of the p21/p27 family
of cyclin-dependent kinase (CDK) inhibitors)21,25 in dcr-1Q1147X

mutant GSCs. The transition between the G1 and S phases of the
cell cycle is negatively regulated by Dap21,25. Dap protein traps the
CycE/CDK2 complex in a stable but inactive form22, and elevated
levels of Dap lead to cell cycle arrest at the G1/S phase transition with
prolonged expression of CycE protein17. Notably, the number of
Dap-positive GSCs increased in the dcr-1 mutant GSC population
(Fig. 4b; see also Supplementary Table 1 and Supplementary Fig. 3a).
To determine whether Dapmediated the effect of dcr-1 on the GSC

cell cycle, we reduced the level of Dap by 50% in dcr-1Q1147X mutant
GSCs and observed a partial rescue in cyst production (Table 1 and
Fig. 4c, e). Furthermore, the number of GSCs staining positive for
CycE was reduced to normal levels (Fig. 4d), demonstrating that the
CycE defect observed in dcr-1 mutant GSCs is dependent on Dap.
Consistent with this, overexpression of a Dap transgene resulted in
some germaria resembling dcr-1 germline mutants: the germaria
were small, containing a few cysts, and had a high number of CycE-
positive GSCs (Fig. 4d; see also Supplementary Fig. 3d). The fact that
reduction of Dap levels led to a normal GSC CycE profile, but partial
rescue of cyst generation, suggests that Dcr-1might also regulate later
cyst development.
These data suggest that miRNAs act on stem cell division by

reducing the levels of Dap. How is this regulation achieved?We found

Figure 4 | The GSC division defect

is dependent on Dap. a, The
dap-5gm transgene compared to
the endogenous dap locus. A
6 £ Myc tag replaces a region of the
3

0

UTR containing predicted
miRNA-binding sites (blue bars).
The UTR lacks the last 540 base
pairs. b, Endogenous Dap is
detected more frequently in dcr-1
mutant than wild-type GSCs but
Dap from dap-5gm is not detected
more frequently in dcr-1 GSCs.
c, e, Germaria with
dap4/þ;dcr-1Q1147X GSCs produce
more cysts than germaria with
dcr-1Q1147X GSCs. Double asterisk,
P # 1023 (Student’s t-test).
d, Percentage of CycE-positive
GSCs. Dap was overexpressed by
nos-Gal4/pUASp-dap or hs-dap.
Error bars represent standard
deviations (c) or errors from the
mean (b, d). f, miRNA pathway
modulates the GSC cell cycle by
affecting the G1/S transition
through Dap (p21/p27).
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that expression of a Dap transgene containing the Dap promoter and
essentially all of the endogenous gene except some of the 3

0

UTR
(dap-5gm)23was similar in dcr-1mutant andwild-typeGSCs (Fig. 4b;
see also Supplementary Fig. 3b, c). These data suggest that the effect of
Dcr-1 onDap regulation in GSCs (Fig. 4b) is at a post-transcriptional
level and might involve the 3

0

UTR region that is missing in the
dap-5gm transgene (Fig. 4a).
We propose that miRNAs are required for GSCs to transit the G1/S

checkpoint by repressing directly or indirectly the G1/S inhibitor Dap
(Fig. 4f). Because Dap is a key component of the G1/S transition21–25,
it is a plausible target for machinery that assures continuous cell
division in a microenvironment in which most of the cells are
quiescent. We propose that while the TGF-b pathway—which can
upregulate p21/p27 (ref. 24)—is active in GSCs16, miRNAs down-
regulate Dap to assure the continuous cell division essential for stem
cells. This downregulation might be direct, because the Dap 3

0

UTR
contains several predicted miRNA-binding sites26–28 (Supplementary
Fig. 4). A Dap transgene lacking these sites showed no response to
Dcr-1 levels (Fig. 4b; see also Supplementary Fig. 3b, c), suggesting
that the potential binding sites are responsive to Dicer-1. However, it
is also possible that the Dap misregulation in dcr-1 mutant GSCs
might be due to a secondary effect of Dcr-1 loss. Our finding that
miRNAs are required for stem cell division suggests that miRNAs
might be part of a mechanism that makes stem cells insensitive to
environmental signals that normally stop the cell cycle. Because
miRNAs are a novel class of genes involved in human tumorigenesis29,
it is tempting to speculate that miRNAs could have a similar role in
cancer cells.

METHODS

We used the following stocks: eyFLP;FRT82Bdcr-1Q1147X/TM3Sb,
eyFLP;FRT82Bdcr-1d102/TM3Sb, eyFLP;FRT42Ddcr-2L811X/CyO, eyFLP;FRT82B
parental10, w;FRT42Bdap4/CyO (ref. 25), dap5gm (ref. 23), w;NGT40/SM6a;
nosGal4VP16/TM3Sb, hsFlp;FRT82BUbi-GFP/TM3Sb, hsFlp;FRT42BUbi-GFP/
CyO, hsFlp;FRT42DUbi-GFP/CyO, FRT82BhsNmyc.

For female germline clones, Flp-FRT flies were heat shocked (third instar
larvae for 1 h, pupae for 1 h at 37 8C) and dissected 5–12 days after the last heat
shock. Formale germline clones, adult flies were heat shocked for 40min at 37 8C
twice per day for 3 days and dissected 2–6 days after the last heat shock.

We used the following antibodies: mouse anti-CycA, anti-CycB, anti-Adducin
(1:20) and anti-Armadillo (1:40) (Developmental Studies Hybridoma Bank),
mouse anti-Dap (1:5, I. Hariharan), anti-BrdU (1:20, PharMingen) and anti-c-
Myc (1:50, Calbiochem), rabbit anti-PH3 (1:200, Upstate Biotechnology), anti-
GFP (1:1,000, Molecular Probes), anti-Vasa (1:10,000, P. Lasko) and anti-P-Mad
(1:500, P. ten Dijke), guinea-pig anti-CycE (1:500, T. Orr-Weaver), rat anti-
BamC (1:1,000, D. McKearin), Alexa 488, 568, or 633 goat anti-mouse, anti-
rabbit and anti-guinea-pig (1:500, Molecular Probes), and goat-anti-rat Cy5
(1:250, Jackson Immunoresearch).
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